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Theory of magnetic bipolar transistors
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The concept of a magnetic bipolar transistor (MBT) is introduced. The transistor has at least
one magnetic region (emitter, base, or collector) characterized by spin-splitting of the carrier bands.
In addition, nonequilibrium (source) spin in MBTs can be induced by external means (electrically
or optically). The theory of ideal MBTs is developed and discussed in the forward active regime
where the transistors can amplify signals. It is shown that source spin can be injected from the
emitter to the collector. It is predicted that electrical current gain (amplification) can be controlled
effectively by magnetic field and source spin.
PACS numbers: 72.25.Dc,72.25.Mk
Ideally, novel electronics applications build on the ex-
isting technologies with as little added complexity as pos-
sible, while providing greater capabilities and function-
alities than the existing devices. Such is the promise
of semiconductor spintronics [1] which aims at develop-
ing novel devices–utilizing electron spin, in addition to
charge–which would provide spin and magnetic control
of electronics and, vice versa, electronic control over spin
and magnetism. Potential applications of semiconduc-
tor spintronics range from nonvolatile computer mem-
ories to spin-based quantum computing [1]. One par-
ticular promising implementation of semiconductor spin-
tronics is bipolar spintronics [1] which combines spin and
charge transport of both electrons and holes in (gener-
ally magnetic) semiconductor heterostructures to control
electronics. In this Letter we propose a novel device
scheme–magnetic bipolar (junction) transistor (MBT)–
which, while in design a minor modification of the exist-
ing charge-based hetorojunction transistor (in fact, mate-
rials needed to fabricate MBTs are already available), has
a great potential for extending functionalities of the exist-
ing device structures, since, as is demonstrated here, its
current gain (amplification) characteristics can be con-
trolled by magnetic field and spin.
As semiconductor spintronics itself, bipolar spintronics
still relies rather on experimentally demonstrated funda-
mental physics concepts (such as spin injection [2, 3, 4, 5],
spin filtering [6], or semiconductor ferromagnetism [7])
than on demonstrated working devices. But the re-
cent experiments [8, 9] on spin injection through bipo-
lar tunnel junctions clearly prove the potential of spin-
polarized bipolar transport for both interesting funda-
mental physics and useful technological applications.
We have recently shown theoretically that indeed spin-
polarized bipolar transport is a source of novel physical
effects and device concepts [10, 11, 12, 13]. In particu-
lar, we have analyzed the properties of magnetic junc-
tion diodes, demonstrating spin injection, spin capaci-
tance, giant magnetoresistance, and a spin-voltaic effect.
Here we formulate an analytic approach to study mag-
netic bipolar transistor (which is a very different struc-
ture from the earlier spin transistors [14, 15]), incorpo-
rating two magnetic p-n junctions in sequence. The step
from a diode to a transistor is nontrivial conceptually as
it introduces new phenomena, most notably current am-
plification. Our two major findings are: source spin can
be injected across a transistor and electrical gain can be
controlled by spin and magnetic field.
A scheme of MBT is shown in Fig. 1. We consider
an npn transistor with spin-split conduction bands (the
splitting is proportional to magnetic field and is amplified
by magnetic doping) and with source spin (which is in-
corporated here through boundary conditions) injected,
in principle, to any region. Source spin, in addition to
applied bias, brings about nonequilibrium carrier popu-
lation and thus electrical current. In the following we
generalize the theory developed for magnetic p-n junc-
tions [13] to study magnetic transistor structures. All
the assumptions of that theory apply here. Most im-
portant, carriers obey nondegenerate Boltzmann statis-
tics, nonequilibrium carrier densities are smaller than the
doping densities (the low injection or low bias limit), and
carrier recombination and spin relaxation is neglected in
the depletion layers. Further, we express voltages in the
units of thermal energy kBT , and make them positive for
forward biasing.
Our first task is to obtain the electron and spin densi-
ties at the two depletion layers. Once these are known,
the density profiles can be calculated using the formulas
provided in Tab. II of Ref. 13. In the following the quan-
tities at the emitter-base (collector-base) depletion layer
edges carry index 1 (2). To simplify complex notation we
adopt terminology that is useful in treating an arbitrary
array of magnetic p-n junctions, though here we limit
ourselves to MBT which is the smallest nontrivial array
of such kind. We denote by scalar u the nonequilibrium
spin density in the n regions (here emitter e and collec-
tor c), and by vector v the nonequilibrium electron (the
first component) and spin (the second component) den-
sities in the p regions (here only base b). The boundary
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FIG. 1: Scheme of a magnetic npn transistor. Shown are
conduction bands in each region. Only the base is magnetic
in the figure. The forward bias applied to junction 1 lowers
the electrostatic barrier for electrons to cross from the emitter
to the base, while the reverse bias in junction 2 increases
the barrier in that junction. The shaded regions around the
junctions are the depletion layers.
conditions are specified by u and v at the emitter and
collector contacts to the external electrodes. In our case
the boundary spin densities are u0 and u3 which are to be
treated as input parameters. The notation inside the ar-
ray follows the indexing of the junctions. For example, v2
is the nonequilibrium density vector in the p side at the
second depletion layer edge (in our case it is the density
in the base at the b−c depletion layer). The values of u1,
v1, etc. need to be obtained self-consistently requiring
[13] that the (spin-resolved) chemical potentials and spin
currents are continuous across the depletion layers. The
following is the basic set of equations describing the cou-
pling of charge and spin (the coupling is both intra- and
inter-junction) in the magnetic transistor system [13]:
u1 = γ0,1u0 +C1 · v2, (1)
v1 = v
0
1
+D1u1, (2)
for junction 1, and
u2 = γ0,2u3 +C2 · v1, (3)
v2 = v
0
2
+D2u2, (4)
for junction 2. The notation goes as follows. For a gen-
eral junction v0 = [exp(V )− 1](n0p, s0p) is the nonequi-
librium density vector due to applied bias (across the
junction) V (but no source spin), C = [α0p(γ2 − γ1), γ1],
and
D =
n0pe
V
Nd
1
1− α2
0n
(α0p − α0n, 1− α0pα0n) . (5)
Symbol n0p (s0p) stands for the electron (spin) equilib-
rium density in the p region of the junction, Nd is the
donor doping density of the n-region, and α0n (α0p) is the
equilibrium electron spin polarization (the ratio of spin
and electron density) in the n (p) region adjacent to the
junction. The geometric/transport factors γ0 through γ2
are determined from carrier diffusivities, carrier recom-
bination and spin relaxation times, and effective widths
of the adjacent bulk regions [13]. We note that equa-
tions analogous to Eqs. 1–4 can be written for holes, if
their polarization is taken into account. The solution to
Eqs. 1–4 is
u2 = γ0,1 (C2 ·D1)u0 + γ0,2u3 +C2 · v
0
1, (6)
where we have neglected terms of order [n0p exp(V )/Nd]
2,
consistent with the small injection limit. The formulas
for u1, v1, and v2 can be obtained directly by substitut-
ing Eq. 6 for u2 into Eqs. 1 through 4.
Equation 6 describes spin injection through MBT,
since u2 is the nonequilibrium spin in the collector at
the depletion layer with the base. The first term on
the right-hand side (RHS) of Eq. 6 represents trans-
fer of source spin u0 from the emitter to the collector.
Indeed, for a nonmagnetic transistor (the equilibrium
spin polarizations are zero) the transferred source spin is
u3 = γ0,1γ1,2n0b exp(V1)u0. Here γ0 describes the trans-
fer of source spin through the emitter–majority carrier
spin injection. Once the spin is in the base, it becomes
the spin of the minority carriers [hence the minority den-
sity factor n0b exp(V1)], diffusing towards the b− c deple-
tion layer. The built-in electric field in this layer sweeps
the spin into the collector, where it becomes the spin of
the majority carriers again, by the process of minority-
carrier spin pumping [10, 13]. Can the injected spin po-
larization in the collector be greater than the source spin
polarization? The answer is negative in the low-injection
regime. It would be tempting to let the spin diffusion
length in the collector to increase to large values to get
a greater pumped spin. But that would increase the im-
portance of electric field in the n-regions and the theory
(which is based on charge and spin diffusion and not spin
drift) would cease to be valid. However, the spin density
in the collector can be greater than that in the base (as il-
lustrated in the example below), demonstrating that spin
spatial decay is not, in general, monotonically decreasing.
The second term on the RHS of Eq. 6 results from dif-
fusion of the source spin in the collector (described by
γ0,2). Finally, the third term, which is independent of
source spin, results from the (intrinsic) spin pumping by
the minority channel of nonequilibrium spin generated in
the base by the forward current through junction 1. This
term vanishes if the base is nonmagnetic (α0b = 0).
To illustrate spin injection across MBT we plot in
Fig. 2 the calculated electron and spin density profiles
in a Si-based magnetic npn transistor with magnetic
base (and nonmagnetic emitter and collector) and with
source spin in the emitter. The geometry of the device
is depicted at the top of the figure. The emitter, base,
and collector are doped (respectively) with Ne = 10
17,
Nb = 10
16, and Nc = 10
15 donors, acceptors, and donors
per cm3. The carrier and spin relaxation times are taken
to be 0.1 µs (it is not clear what spin relaxation times of
conduction electrons in Si should be [16], but due to the
small spin-orbit coupling they are expected to be on the
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FIG. 2: Calculated electron and spin density profiles in a Si-
based npn transistor with magnetic base and source spin in
the emitter. The transistor geometry is shown at the top.
The densities inside the depletion layers are not calculated,
and are shown here (with no justification beside guiding the
eye) as straight lines connecting the densities at the depletion
layer edges.
order of sub-microseconds, rather than sub-nanoseconds
as in GaAs), the electron (hole) diffusivities areDn = 100
(Dp = 10) cm
2s−1, the dielectric constant is 12, and
the intrinsic carrier concentration is ni = 10
10 cm−3.
The transistor is at room temperature. The applied bi-
ases are V1 = Vbe = 0.5 volts and V2 = Vbc = −0.2
volts. The spin splitting of the base conduction band is
2ζb = 2 (in kBT ), yielding the equilibrium spin polariza-
tion α0b = tanh(ζb) = 0.76; the source spin polarization
at the emitter (at x = 0) is u0/ND = 0.9. Finally, we
assume charge and spin ohmic contact at x = 3, meaning
that both carrier and spin densities are at their equilib-
rium levels. Figure 2 demonstrates that spin injection is
possible all the way from the emitter, through the base,
down to the collector. The density of the injected spin
in the collector depends on many factors, most notably
on the forward bias Vbe and on the spin diffusion lengths
in the base and in the collector. The spin density (but
not spin polarization) even increases as one goes from
the base to the collector, consistent with our notion of
spin amplification [10, 13]. The injected spin polariza-
tion u2/Nc in the above example is about 2%, but it
would be greater for higher Vbe, longer spin relaxation
times, and smaller base widths.
We now turn to the question of current gain (amplifi-
cation) and its control by magnetic field (through ζb) and
source spin (through δαe, the nonequilibrium spin polar-
ization in the emitter at junction 1). Electric currents are
readily evaluated once the nonequilibrium carrier densi-
ties at the depletion layers are known. Thus the emitter
current
je = j
n
gb
δnbe
n0b
− jngb
1
cosh(w˜b/Lnb)
δnbc
n0b
+ jpge
δpbe
p0e
, (7)
and the collector current
jc = −j
n
gb
δnbc
n0b
+ jngb
1
cosh(w˜b/Lnb)
δnbe
n0b
+ jpgc
δpbc
p0c
, (8)
where we denote the generation currents for electrons
and holes (with the indexing of the appropriate region)
respectively as [13] jng = (qDn/Ln)n0 coth(w˜/Ln), and
jpg = (qDp/Lp)p0 coth(w˜/Lp). Here q is the proton
charge, Ln (Lp) is the electron (hole) minority diffusion
length, and w˜ is the effective (taking into account bias
variation of the depletion layer widths) width of the re-
gion; δn (δp) are the nonequilibrium electron (hole) den-
sities at the corresponding depletion layer. In the active
control regime (Vbe > 0 and Vbc < 0) the hole collec-
tor current and the current driven by the nonequilibrium
density δnbc becomes negligible. Finally, the base cur-
rent is given by the current continuity (see Fig. 1) as
jb = je − jc.
The current amplification factor β is the ratio of the
collector current to the base current (if β is large, typ-
ically about 100, small changes in jb lead to large vari-
ations in jc). For illustration we consider only the case
of magnetic base and emitter source spin, and consider
(as is typically done in transistor physics) thin bases
(w˜b ≪ Lnb, Lsb where Lsb is the spin diffusion length
in the base). The gain of MBT can then be written as
β = 1/(α′T + γ
′), where
α′T = (w˜b/Lnb)
2/2, (9)
and
γ′ =
NbDpe
NeDnb
w˜b
Lpe tanh(w˜e/Lpe)
1
cosh(ζb)(1 + δαeα0b)
.
(10)
The two factors α′T and γ
′ are related to the usual
base transport αT and emitter efficiency factor γ by
αT = 1/(1 + α
′
T ) and γ = 1/(1 + γ
′). They represent,
respectively, the contribution to the gain by the carrier
recombination in the base and by the efficiency of the
electrons injected by the emitter to carry the total charge
current in the emitter (for a standard reference on non-
magnetic transistors see, for example, [17]). In MBT
the base transport cannot be controlled by either spin or
magnetic field, since it is related only to carrier recom-
bination in the base (one can, however, consider more
specific cases where Lnb depends on ζb, in which case
even α′T could be controlled). The emitter efficiency, on
the other hand, varies strongly with both ζb and δαbe.
Under what circumstances can we control β by mag-
netic field and spin most effectively? The answer lies
in the relative magnitudes of α′T and γ
′. In GaAs-base
4transistors the two might have similar amplitudes, since
the carrier recombination is rather fast, although addi-
tional band structure engineering (making heterojunc-
tions) usually significantly enhances γ′ at which point γ′
might dominate. The situation is much more favorable
in Si (or Si/Ge) based transistors, which have long car-
rier recombination times and it is the emitter efficiency
γ′ which determines the gain. In this case β = 1/γ′ and
β ∼ cosh(ζb)(1 + δαbeα0b). (11)
The gain varies exponentially with ζb and is asymmetri-
cally modulated by the magnetic field, depending on the
relative orientation of the magnetic field and source spin
polarization. The physics behind Eq. 11 is quite illumi-
nating. The emitter efficiency is the ratio of the electron
emitter current to the total emitter current (which in-
cludes the hole current). The electron part of the current
depends linearly on the electron minority carrier density
in the base. This density is modulated, separately, by
ζb, which changes the effective band gap in the mate-
rial and thus the equilibrium minority carrier density–
according to n0b = n
2
i cosh(ζb)/Nb [12, 13], and by the
amount of nonequilibrium spin (through the spin-voltaic
effect [12, 18]). Similar control of gain could be achieved
by having a magnetic emitter. In such a case it would be
the equilibrium minority hole density (and thus the hole
emitter current) which would be modified by magnetic
field, changing the emitter efficiency. All the effects as-
sociated with the conduction band spin splitting can be
also observed when the splitting is (also) in the valence
band.
To illustrate the gain control of magnetic field and spin
we calculate β for the same npn geometry as in Fig. 2,
but now with two different sets of materials parameters.
Figure 2, top part, is for GaAs (with ni = 1.8 × 10
6
cm−3, dielectric constant of 11, and recombination and
relaxation times of 1 ns, keeping all the other parameters
unchanged), while the bottom part is for Si. The calcu-
lated gain as a function of conduction band spin splitting
ζb in the base is shown in Fig. 3. The source spin polar-
ization u0/Nd at the emitter is set to 0.9 (which is roughly
also αbe). The figure shows that current gain (amplifica-
tion) is significantly influenced by magnetic field (which
controls the splitting), but much more in Si than in GaAs,
for the reasons stated earlier.
Magnetic bipolar transistor could be also called mag-
netic heterostructure transistor. Indeed, MBT’s func-
tionality is based on tunability of electronic properties
by band structure engineering. In contrast to the stan-
dard (nonmagnetic) heterostructure transistors, however,
MBT’s band structure (the spin-split conduction band)
is not a fixed property, but can change on demand, dur-
ing the device operation, by changing the magnetic field.
One can also have magnetic heterostructure transistors
with variable spin splitting in the base producing mag-
netic drift [13] of the spin carrying minority carriers (as
0
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FIG. 3: Calculated gain of a magnetic npn transistor with
magnetic base and source spin in the emitter. The upper
(lower) graph is for GaAs (Si) materials parameters. The
dashed line in the Si graph is the contribution of the emitter
efficiency which controls the current gain in Si-based transis-
tors.
in drift-base transistors) to further enhance spin current
and the resulting spin injection into the collector. In-
teresting effects could be observed by using ferromag-
netic semiconductors for the base. Similarly to optical
induction of ferromagnetism by optical injection of car-
riers [19], emitter can inject (presumably in the high in-
jection limit which goes beyond the scope of our theory)
high density carriers into the base, changing the base’s
magnetic state (on and off, depending on the density of
the nonequilibrium minority electrons, or twisting the
magnetic moment orientation, if the injected electrons
are spin-polarized). This could be an alternative elec-
tronic way of switching (or modifying) semiconductor
ferromagnetism [20, 21], which could lead to numerous
novel functionalities.
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